The influenza virus generally causes damage to epithelial cells of respiratory tract and infection of cells with this virus often results in cell death with apoptotic characteristics. Reports are available implicating influenza virus as a causative agent of chromosomal aberrations in cells and culture. The objective of this study was to analyze the process of cell death caused by influenza virus (A/Udorn/317/72, H3N2) infection in cultured HeLa cells by electron microscopy and comet assay. The apoptotic study was performed using light microscopy electron microscopy and comet assay to observe the changes in cell morphology and DNA fragmentation. HeLa cells, infected with influenza virus were harvested at various time periods to observe the ultrastructural changes. This infection gave rise to nuclear fragmentation and chromatin condensation accompanied by chromosomal DNA fragmentation into oligonucleosomes. The pattern of comet assay revealed that the apoptosis occurred due to fragmentation of the DNA of the cells which reached the maximum level at 36 h post infection. Ultrastructural study showed extensive chromatin condensation and nuclear fragmentation which are the characteristic features of apoptosis.
Introduction
The influenza virus is major human pathogen and is well known for the worldwide pandemics and epidemics [9, 10] . The virus predominantly infects and damage epithelial cells of respiratory tract and often results in cell death with apoptotic characteristics. Infection of epithelial cells and lymphocytes has been shown to induce apoptosis in vitro [6, 14, 17, 24] . Infection with virulent influenza (H5N1) virus was also shown to induce lymphopenia and lymphocyte apoptosis in vivo [8, 25, 26] . Apoptosis also plays an important role in the pathogenesis of many infectious diseases, including those caused by viruses, bacteria and prions [1, 15, 20] . The mechanisms of virus-induced cell damage which is followed by cell death are not well understood [23] . Apoptosis induced by influenza viruses has been shown in a variety of cell lines [21, 29, 30] . Several viral factors, including M1, NS1, and NA proteins, have been reported to be related to apoptosis induction [13, 16, 30] . It has been observed that extensive budding of the virus particles on the membrane surface of the infected cells may cause cellular damage. However, cellular degeneration may be observed even with incomplete replication of the virus in cultured HeLa cells [5, 9] . Influenza A/Udorn (H3N2) virus infection results in apoptotic cell death of HeLa cells suggesting that viral replication is not the direct cause of cell lysis. In previous study we have reported that zinc supplementation was found to prevent apoptosis induced by influenza virus in HeLa cells [22] . Cell death may occur via the major morphologically and biochemically distinct mode called apoptosis which is considered to be a physiological process involved in normal tissue turnover which occurs during embryogenesis, ageing and turnout regression [28] . Apoptotic cells undergo several complex morphological changes, including development of fragmented nuclei, extensive chromatin condensation and loss of cell volume. Recent studies have indicated that many viruses carry genes, like NS1 and NA, which directly influence the apoptotic ability of their host cell thus changing the view about significance of apoptosis in determining the outcome of virus infections [14] .
DNA fragmentation is a biochemical marker and hallmark of apoptosis. Apoptotic DNA cleavage generally proceeds in two stages, first producing large 50-300 kb fragments, and later oligonucleosomal pieces which create the characteristic DNA ladder. The infection of MDCK cells with Influenza A strain (A/Turkey/Ontario/7732/66) at various time intervals showed cellular DNA fragmentation [6] .
In this study, we characterized the process of cell damage caused by influenza virus infection in cultured HeLa cells, and found that it induced fragmentation of chromosomal DNA into oligonucleosomes and also caused nuclear fragmentation due to chromatin condensation, suggesting that the cell death induced by influenza virus infection occurred through apoptosis. Further the confirmation of DNA fragmentation was done by neutral comet assay. The study provided a better insight into the role of apoptosis in the pathogenesis of influenza virus infection.
Materials and Methods

Virus and Infection of HeLa Cells
HeLa cells were obtained from NCCS Pune, India and cultivated in either 35-mm cell culture dishes or 25-cm 2 culture flasks [3] (Greiner, Germany) with Eagle's minimal essential medium (Sigma, USA) containing 10% fetal bovine serum (Sigma, USA) and antibiotics (100 U/ml penicillin, 100 lg/ml streptomycin, 0.25 mg/ml Fungizone, 50 lg/ml gentamicin; all from Bio Whittaker, USA) at 37°C in a 5% CO2 incubator [4] . A pathogenic strain of influenza virus (IV), A/Udorn/317/72 (H3N2), obtained from CDC, Atlanta in lyophilized form was originally propagated in embryonated chicken eggs and further grown in cultured HeLa cells. When HeLa cell cultures were 85 ± 90% confluent, the cultures were pretreated with 199 medium (Sigma, USA) and inoculated with influenza virus at a multiplicity of infection of approximately ten, 50% tissue culture infectious doses (TCID50) per cell for 45 min at 37°C. Control HeLa cells were mock infected with 199 medium alone. The mock and IV-infected HeLa cells were incubated at 37°C in 199 medium with 0.25% BSA (Sigma, USA) and 2 lg/ml TPCK-trypsin (Sigma, USA) for various times before analysis. The amount of virus released into the culture medium was determined by haemagglutination test and PFU assays.
PFU Enumeration
Virus particles in HeLa cell culture suspensions following IV infection were quantified by PFU enumeration using standard procedures [12] . Briefly, confluent monolayers of Madin Darby Canine Kidney cells were incubated with the culture supernatants collected at various time points after virus infection serially diluted in PBS containing 1% bovine serum albumin for 1 h at room temperature. The cells were then overlaid with Eagle's minimal essential medium supplemented with 0.2% bovine serum albumin, 0.1% DEAE Dextran, 1 lg trypsin/ml and 0.8% agar, and maintained in a humid atmosphere containing 5% CO2 for 3 days. The agar media were then removed and the cells were fixed with 5% formalin solution and stained with 0.03% methylene blue solution. Visualized plaques were counted and the virus titer was expressed as log10 p.f.u./ml.
Morphological Evaluation of Influenza Virus Infected HeLa Cells
Haematoxylin and Eosin
Monolayers of HeLa cells were obtained on slides and infected with the virus. After 24 h incubation, the experiment was terminated and the slides were stained with Haematoxylin and Eosin, dried at room temperature and mounted in DPX. The morphological changes in the infected cells were compared with those of uninfected HeLa cells.
Electron Microscopy
Monolayer of HeLa cells were pelleted 24 h post-infection (p.i.), washed in PBS and fixed with Karnovsky's fixative (4% paraformaldehyde and 1% glutaraldehyde) overnight. The fixed cells were then submitted for Transmission Electron Microscopy (TEM) to the All India Institute of Medical Sciences, at the Department of Electron Microscopy, and a detailed study of the ultra structural changes occurring during influenza A virus infection was conducted [27] . 
Comet Assay
A simple modification of the original neutral assay developed by Ostling and Johanson was used. At various time points after treatment with virus, cells were mixed with prewarmed 0.75% ultra-low gelling agarose (BDH Electran, BDH Laboratory Supplies, Poole, England; 44415 2G) and layered on microscopic slides precoated with 0.1% agarose. After incubation at 4°C to allow the formation of agarose gel, lysis was carried out by submerging the slides in lysis buffer (2.5% sodium dodecylsulfate, 1% sodium sarcosinate, and 25 mM ethylene-diaminetetraacetic acid, pH 9.5) for 15 min at 25-30°C. Slides were washed for 5 min in distilled water at 10°C and electrophoresed (90 mM Trizma base, 90 mM boric acid, and 2.5 mM ethylene-diaminetetra-acetic acid, pH 8.3) at 2 V/cm for 5 min at 10°C. Comets were stained with propidium iodide (25 IM in phosphate buffered saline) after rehydration of slides in distilled water for 5 min and observed under an Olympus BX60 fluorescence microscope (Olympus Optical Co., Tokyo, Japan) [19] .
Results
Morphological Study
Virus infected HeLa cells 24 h p.i. was observed for morphological alterations by light microscopy after staining with Haematoxylin and Eosin. In contrast to uninfected cells, the infected cells exhibited extensive condensation of chromatin into several dense masses and compaction of cytoplasm associated with cytoplasmic vacuolization (Fig. 1a, b) . A few infected cells also showed slightly swollen cytoplasm with less staining than that of uninfected cells but without remarkable chromatin condensation.
Electron Microscopy
Ultrastructural analysis of the infected HeLa cells on TEM revealed changes typical of apoptosis. The Fig. 2a and b shows an extensive shrinkage and vacuolization of the cytoplasm. Dense masses of cytoplasm were observed due to degradation of structural proteins (Fig. 2c, d) . Further, chromatin condensation, nuclear fragmentation, and compaction of chromatin under the nuclear membrane were also observed (Fig. 2e, f) .
Comet Assay DNA fragmentation is a biochemical marker and hallmark of apoptosis. Thus, a confirmation of the occurrence of apoptosis due to influenza A virus infection was done by DNA fragmentation by neutral comet assay. The assay revealed the formation of three different types of comets, namely type A, B, C depending on the relative size of the comet head and tail (Fig. 3a) . The type A comet indicated the initiation of fragmentation, with a large head and a bulging tail separated by a narrow ''neck'' region. Further progression of fragmentation resulted in a distinct type B comet with a larger tail and a smaller, circular head region. The type C comet had constantly diminishing head and neck regions, and an expanding tail was noted. The assay was performed at various time intervals of 0, 6, 18, 24, 36 h. It was observed that, fragmentation began at 6 h p.i. and classical fragmentation occurred at 36 h p.i. The figure presented showed that Type A and B comets appeared at a high frequency during early time points (0-6 h), whereas type C comets that indicated late stages of fragmentation, was observed after extended treatment (24-36 h) (Fig. 3b) .
Discussion
A current challenge in the field of influenza A viral pathogenesis is to understand how virus infection leads to specific tissue damage and disease or death of the host. To address this question, apoptosis was examined as a potential mechanism of cell death during influenza A virus infection. The assumption was based on a few previous studies which have shown that all mammalian and avian influenza A strains induce apoptotic death of cultured cell lines as well as that of tissues in infected animals [2, 7] . However, the cellular signals leading to apoptosis are varied and may depend on the viral strain and the cell type. The influenza virus M1, NS1, and NA proteins have been reported to be related to apoptosis induction [13, 16, 30] . Also the importance of HA in apoptotic cell death in vitro is further supported by recent findings showing that the HA of the 1918 pandemic influenza virus enhances mortality in mice [11, 18, 26] .
In this report we have shown morphological confirmation of occurrence of apoptosis using three methods, i.e. light microscopy after staining with Haematoxylin and Eosin, TEM and comet assay. Two types of changes were observed in the infected cells on light microscopy. One was extensive condensation of chromatin into several dense masses and compaction of cytoplasm associated with cytoplasmic vacuolization, characteristic features of apoptosis. A few cells also showed slightly swollen cytoplasm with less staining than that of uninfected cells but without remarkable chromatin condensation. The latter feature might be associated with cellular necrosis which could be due to the incubation for several hours or the pre-apoptotic state.
Staining with Haematoxylin and Eosin and TEM confirmed the occurrence of morphological changes characteristic of programmed cell death in the infected cells. The confirmation of the occurrence of apoptosis due to influenza A virus infection was done by analyzing the DNA fragmentation by neutral comet assay. The assay was performed at various time intervals of 0, 6, 18, 24, 36 h and it was observed that, though the fragmentation began at 6 h p.i. but classical fragmentation occurred only at 36 h p.i.
During the study using neutral comet assay, three different types of comets were observed. Type A comets had a Fig. 1 a, large head separated by a narrow ''neck'' region from an oval bulging tail that indicated initiation of fragmentation. Type B and C comets had a constantly diminishing head associated with a corresponding expansion of the tail and reflected intermediate and late stages of fragmentation, respectively. Type A and B comets appeared at a high frequency during early time points (0-6 h), whereas type C comets that indicated late stages of fragmentation were observed only after extended treatment (24-36 h). The present study provided a better insight into the role of apoptosis in the pathogenesis of influenza virus infection. The study also provided information about the time of 
